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MinireviewGenerating X:
Formation of the Optic Chiasm
and upregulate the function of Robo (the receptor for
the repellent Slit), which propels them out of the midline.
This acquired sensitivity to Slit also prevents later re-
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crossing. Other axons, not destined to cross, are sensi-University of Utah Medical Center
tive to Slit from the beginning and so never reach theSalt Lake City, Utah 84132
midline (Figure 1C).
Given the commonality between fly and vertebrate
ventral midlines, you might guess that the optic chiasm
would use the same mechanism. In fact, the optic chi-At the optic chiasm, axons from either eye meet and
asm is distinct from the ventral midline of the hindbraindecide whether to cross contralaterally or turn back
or spinal cord, arising as it does from the rostral end ofipsilaterally. Here, the guidance ligand Slit and its re-
the embryonic neural tube, and expressing a distinctceptor Robo control not whether axons cross (as in
set of patterning molecules during development. Thusother midline decisions), but where the chiasm forms.
it is not wholly surprising that it differs from the ventralWhether axons cross is instead controlled by the tran-
nerve cord and spinal cord, both in the expression pat-scription factor Zic2 and the guidance receptor EphB1,
terns of guidance signals and in how axon crossing isas shown by two papers in the current issues of Neu-
controlled. Netrin is not expressed in a midline stripe atron and Cell (Herrera et al. and Williams et al.). Surpris-
the chiasm and therefore cannot function as a midlineingly, this mechanism is conserved evolutionarily from
attractant. Instead, Netrin is expressed highly at thefrogs to mammals.
optic nerve head and acts as an attractant there for
retinal axons (Deiner et al., 1997). Slits are also not ex-Introduction
pressed in midline stripes and therefore cannot act asOne of the most important decisions made by a growing
a midline gatekeeper for retinal axons.axon is whether or not to cross the midline. One choice
Where to Crossallows it to reach its appropriate synaptic partners; the
Instead, as shown by experiments in zebrafish andother strands it on the wrong side of the tracks. The
mouse, Robo/Slit signaling controls where retinal axonsvertebrate optic chiasm is one of the systems in which
cross the midline. In both species, RGCs express onlymidline crossing has been studied most (reviewed in
a single robo gene, robo2. Two slit genes are expressedJeffery, 2001). After retinal ganglion cell (RGC) axons
near the chiasm: Slit1 and Slit2 in mouse, slit2 and slit3 inexit each eye at the optic nerve head, forming the optic
zebrafish (Figures 1A and 1B). Although specific detailsnerve, they traverse the ventral diencephalon toward
differ, the summed slit pattern is similar: at the chiasm,the midline. Here, axons from the two eyes cross over
bands of slit expression lie perpendicular to the midline,each other to form the chiasm (named after the Greek
paralleling the retinal axons on either side. Furthermore,letter chi because of its X shape; Figures 1 and 2). They
Slit1 and Slit2 both repel retinal axons in culture (Niclouthen continue through the optic tract to their targets:
et al., 2000; Erskine et al., 2000; Ringstedt et al., 2000).the superior colliculus in mammals or the optic tectum
This suggests a “surround repulsion” model, in whichin fish, frogs, or birds. In certain species with binocular
repulsion from Slit acts as a “guardrail” on either side,vision, a subset of axons does not cross contralaterally
squeezing retinal axons onto their proper path.
at the chiasm but instead turns ipsilaterally. These ipsi-
This model is supported by genetic experiments that
lateral axons arise from ventrotemporal retina, the re-
disrupt Slit/Robo signaling in fish and mice (Fricke et
gion that sees the binocular visual field. The conver- al., 2001; Plump et al., 2002; Hutson and Chien, 2002).
gence of contralateral and ipsilateral inputs on each Zebrafish mutant for the astray/robo2 receptor show
tectum allows for processing of binocular information. multiple guidance errors near the chiasm, including ipsi-
Thus the development of the chiasm is critical for visual lateral, anterior, and retinoretinal projections. Slit1 or
function. Two key questions are: What controls whether Slit2 single knockout mice have little or no retinal projec-
retinal axons cross the midline? and What controls ex- tion phenotype, presumably because of the partial over-
actly where along the midline they cross? lap in the two genes’ expression. However, Slit1;Slit2
The phenomenon of midline crossing is best under- double knockouts show strong phenotypes, including
stood in the fruitfly ventral nerve cord and the vertebrate formation of a second, more anterior chiasm. In the
spinal cord (reviewed by Kaprielian et al., 2001). Both surround repulsion model, this is because removal of
systems use the same general mechanism to control Slit/Robo signaling allows retinal axons to escape from
axons crossing the ventral midline. The Netrins, secreted their normal path, sometimes crossing the midline at
attractants, and the Slits, secreted repellents, are ex- ectopic positions. Developmental and time-lapse analy-
pressed in a stripe at the midline. Axons modulate their ses in zebrafish embryos show that, even in wild-type,
responsiveness to these two signals as they grow. retinal growth cones occasionally leave their pathway,
Crossing axons are initially attracted by Netrin and in- but these wild-type errors are quickly corrected (Hutson
sensitive to Slit, which draws them to the midline. After and Chien, 2002). In astray mutants, many more errors
reaching the midline they become insensitive to Netrin occur, and these errors persist. Thus, surround repul-
sion seems to have two functions: preventing errors in
the first place and correcting them if they do occur.*Correspondence: chi-bin.chien@neuro.utah.edu
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zebrafish or Robo2 loss-of-function in mouse should
address this issue.
Whether to Cross
If not Slit/Robo signaling, what controls whether retinal
axons cross the midline? Some clues come from exam-
ining exactly which axons cross and which do not. First,
consider phylogeny. In mammals, ipsilaterally projecting
RGCs are known to exist in many species. Comparing
different mammals, the fraction of ipsilateral RGCs cor-
relates nicely with the degree of binocular vision (Guillery
et al., 1995): the mouse has few, primates many. (Curi-
Figure 1. Comparison of Slit Expression in Different Midline ously, it has long been known that many albino mammals
Systems
have reduced ipsilateral projections, for reasons that
(A) Mouse and (B) zebrafish optic chiasm; (C) Drosophila ventral
are poorly understood.) Fish and birds are quite differ-nerve cord. In the vertebrate visual system, the Slits combine to act
ent: while there is often a transient ipsilateral projectionas guardrails bounding the chiasm, whereas Slit acts as a midline
during development, essentially all adult RGC axonsgatekeeper in the fly nerve cord. Schematized two-dimensional rep-
resentations of three-dimensional structures. Adapted from Hutson project contralaterally. However, many fish and birds
and Chien, 2002; Plump et al., 2002. have binocular vision, which in visual predators (e.g.,
owls) can be excellent. Instead of using bilateral projec-
tions from each eye, these species integrate binocular
While this model neatly explains the data, there are information by having bilateral projections to higher-
still caveats. First, it infers the distribution of Slit proteins order visual centers, for instance, to the avian visual
entirely from mRNA distributions, since no existing anti- Wulst, a telencephalic structure that shares many fea-
bodies against vertebrate Slits work for immunostaining. tures of mammalian visual cortex (Karten et al., 1973).
Second, the fish astray phenotype is much stronger than Amphibians are a third, particularly interesting case. As
the mouse Slit1;Slit2 phenotype. This could be due to tadpoles, Xenopus have laterally located eyes, no binoc-
differences between the species but might also indicate ular vision, and completely crossed RGC axons. At
that there is another Robo2 ligand, either a third Slit or metamorphosis, their eyes rotate frontally, the adults
a non-Slit ligand. Analyzing Slit2/3 loss-of-function in acquire binocular vision, and a new population of ipsilat-
erally projecting RGCs is generated (Mann and Holt,
2001). Perhaps, then, crossing is a default state for reti-
nal axons, and a repulsive midline signal in mammals
and postmetamorphic frogs prevents ipsilateral axons
from crossing.
The location of an RGC within the retina determines
its eventual projection. In mouse, most of the retina
projects purely contralaterally, with the exceptions of
dorsocentral and ventrotemporal retina (Figure 2). RGCs
in dorsocentral retina are the first to be born and send
out axons. Most of these axons project contralaterally,
but some form transient ipsilateral projections (Marcus
and Mason, 1995). These ipsilateral axons are removed
during development, and their function, if any, is un-
known. The dorsocentral contralateral axons persist and
may act as a scaffold for later-growing axons. In ventro-
temporal (VT) retina (the ventral crescent), many RGCs
project ipsilaterally, and the adult ipsilateral projection
arises entirely from this region. In culture, Wang et al.
(1995) showed that cells of the mouse optic chiasm
affected crossed and uncrossed RGCs differently. Dor-
sal and VT axons seemed to grow equally well on laminin
or on cells from the (nonmidline) diencephalon, whereas
chiasm cells inhibited axon growth from VT but not dor-Figure 2. Model of Axon Sorting at the Mouse Optic Chiasm
sal retina. This was the first experimental evidence that(A) Zic2-expressing RGCs give rise to ipsilaterally projecting axons,
a midline factor is repulsive to ipsilateral but not contra-which express EphB1, allowing them to sense ephrin-B2 at the optic
lateral axons.chiasm and turn into the ipsilateral tract. Axons that do not express
One would therefore predict a repulsive guidance sig-EphB1 cross at the optic chiasm, joining the contralateral optic
tract. D, dorsal; V, ventral; N, nasal; T, temporal. (B) Timeline. RGCs nal expressed at the midline and a cognate receptor
are generated from E11.5 until birth. The first RGCs are born in the expressed in VT retina. Following this logic, Nakagawa
dorsocentral (DC) retina. Most project contralaterally, but a few et al. (2000) took a candidate approach in Xenopus and
make transient ipsilateral projections. The permanent ipsilateral
used affinity probes to look for the transmembrane li-RGCs arise from the ventrotemporal (VT) retina and are generated
gands the ephrin-Bs, and their cognate receptors thefrom E14.5 to E17.5. These axons express Zic2 and EphB1.
EphBs. (Ephrin/Eph signaling was already known to beEphrin-B2 is found at the chiasm from E13.5 to E17.5. Based on
Williams et al. (2003) and Herrera et al. (2003). capable of repelling growing axons.) They found that
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ephrin-Bs are expressed at the optic chiasm during laterally. Misexpression of Zic2 in cultured dorsotem-
metamorphosis but not earlier—that is, ephrin-Bs ap- poral RGCs results in reduced outgrowth on cultured
pear when the ipsilateral projection first forms. EphBs chiasm cells, i.e., makes them behave more like VT
are expressed by VT RGCs. Furthermore, misexpressing RGCs.
ephrin-B at the chiasm before metamorphosis induced Is Zic2 required for ipsilateral projections? Genetic
ventral RGCs to make premature ipsilateral projections. analysis is complicated by Zic2’s role in early neural
This gain-of-function experiment suggested that one or patterning: in both humans and mice, Zic2 mutations
more ephrin-Bs act as a midline gatekeeper, allowing cause holoprosencephaly, a severe brain malformation
most axons to cross the midline while repulsing EphB- (Nagai et al., 2000). The available mouse mutant is a
expressing axons. Examining expression of ephrin-B in “knockdown” allele, Zic2kd, in which an intronic insertion
other species gave a pleasing result: mouse chiasm reduces RNA levels to 20% of wild-type, apparently
expresses ephrin-B, while chick and zebrafish, which without altering expression patterns. The Zic2kd/kd homo-
lack ipsilateral projections, also lack ephrin-B. These zygote shows reduced ipsilateral projections, but this
experiments left two open questions. First, exactly is difficult to interpret because of severe patterning de-
which ephrin-Bs and EphBs control ipsilateral projec- fects in the brain, including at the chiasm. However,
tions? Second, is ephrin-B/EphB signaling actually re- brain patterning in the Zic2kd/ heterozygote seems
quired? grossly normal. Examining its RGC projections, the au-
A paper in this issue of Neuron (Williams et al., 2003) thors find that most Zic2kd/ animals lack an ipsilateral
answers these questions definitively in the mouse. Care- projection, suggesting that ipsilateral turning is very sen-
ful expression studies for the ephrin-Bs found that sitive to the levels of Zic2 expression. (This is reminis-
ephrin-B2 is the family member expressed at the chiasm cent of the reduced ipsilateral projection seen in EphB1
and that its expression in the midline radial glia coin- heterozygotes at E16.5.) In addition to the ipsilateral-
cides with the period of ipsilateral projections (Figure 2). less phenotype, retinal axons in these heterozygotes
Furthermore, in culture assays, VT axons are especially display wandering between the optic nerve and chiasm.
sensitive to inhibition by ephrin-B2. To do the loss-of- This indicates either an additional role for Zic2 or per-
function experiment, the authors used a blocking re- haps a subtle patterning defect in the heterozygote
agent in a cultured eye-chiasm preparation (ephrin-B2 brains. While these data suggest strongly that Zic2 con-
knockout mice die too early to study RGCs). Blocking trols the ipsilateral projection, unequivocal proof would
ephrin-B2 signaling greatly reduced the ipsilateral pro- require further experiments (ideally, an RGC-specific
jections in these experiments. conditional knockout).
Expression studies of the EphBs found that EphB1 is The authors also examine Zic2 retinal expression in
specifically expressed in ventrotemporal retina, at the other species. Albino mice have fewer Zic2-positive cells
time and place that the permanent ipsilateral axons orig- than pigmented mice, mirroring their smaller ipsilateral
inate. (There is also earlier expression in dorsocentral projection. Ferrets have both a greater degree of binocu-
retina, perhaps corresponding to the transient ipsilateral lar vision than mice and a greater fraction of Zic2-posi-
axons.) Removing EphB1 function by generating a tive cells. Xenopus tadpoles lack Zic2 in the VT retina
knockout line showed that the ipsilateral projections but begin expressing Zic2 at metamorphosis. Finally,
from VT retina were significantly reduced in EphB1 mu- chick embryos seem to lack retinal Zic2 altogether.
tant homozygotes and, indeed, were even reduced in Thus, Zic2 expression correlates well with the known
heterozygotes. Could the remaining ipsilateral projec- fraction of ipsilaterally projecting RGCs.
tion be due to EphB2 and EphB3, which are also ex- Remaining Questions
pressed in VT retina? Apparently not, since EphB1/B2/ An emerging theme in axon guidance is that a relatively
B3 triple mutants show the same degree of ipsilateral small number of guidance signals and receptors are co-
projection as EphB1 single mutants. This combination
opted for many varied functions in different systems.
of expression and loss-of-function studies shows quite
Slit and Robo function as a midline gatekeeper at the
clearly that EphB1 and ephrin-B2 are the key players in
ventral midline but act as guardrails at the optic chiasm.controlling midline crossing at the mouse chiasm. This
Netrin attracts axons to the ventral midline and has ais reminiscent of a role of ephrin-B3 in the spinal cord,
similar function in the visual system, but at the opticwhere it is expressed at the midline and acts as a repel-
nerve head instead of the midline. EphrinB/EphB signal-lent to prevent corticospinal axons from recrossing (Kul-
ing is even reused for two different functions in differentlander et al., 2001; Yokoyama et al., 2001).
parts of the visual system. As described here, VT RGCWhat then controls the expression of EphB1 and
axons use EphB1 to sense ephrin-B2 at the chiasm andephrin-B2? In the current issue of Cell, Herrera et al.
turn ipsilaterally. However, it was previously shown that(2003) address the first part of this question by identi-
gradients of EphB2 and EphB3 in the retina (highfying Zic2, a zinc-finger transcription factor, as a likely
ventral  low dorsal) act to sense similar gradients ofupstream determinant of ipsilateral RGCs. Zic2 is ex-
ephrin-B on the tectum, thus directing retinal axons topressed early throughout the retina but then has a sec-
synapse in the appropriate dorsoventral tectal positionond phase of expression in differentiated VT RGCs at
once they reach their target (reviewed in McLaughlin etthe time when the ipsilateral projection is forming (Figure
al., 2003). This means that ipsilaterally projecting VT2). To test this correlation at a single-cell level, the au-
RGCs express EphB1, B2, and B3, while contralaterallythors double labeled for Zic2 and ipsilateral projections.
projecting ventronasal (VN) RGCs express EphB2 andWhile the transience of Zic2 expression makes interpre-
B3. How can EphB function be separated so that EphB1tation difficult, careful analysis suggests that Zic2 is
indeed expressed in the very cells that will project ipsi- controls crossing and EphB2/B3 control tectal topogra-
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Kaprielian, Z., Runko, E., and Imondi, R. (2001). Dev. Dyn. 221,phy? Put another way, why doesn’t the EphB2/B3 on
154–181.VN axons repel them from the chiasm?
Karten, H.J., Hodos, W., Nauta, W.J., and Revzin, A.M. (1973). J.One possibility is that midline repulsion requires a
Comp. Neurol. 150, 253–278.critical threshold of signaling. Perhaps EphB1 has a
Kullander, K., Croll, S.D., Zimmer, M., Pan, L., McClain, J., Hughes,higher affinity for ephrin-B2 than do EphB2 or EphB3.
V., Zabski, S., DeChiara, T.M., Klein, R., Yancopoulos, G.D., and
The amount of ephrin-B2 at the midline might then be Gale, N.W. (2001). Genes Dev. 15, 877–888.
subthreshold for VN axons (expressing only EphB2/B3)
Mann, F., and Holt, C.E. (2001). Bioessays 23, 319–326.
but above threshold for VT axons (expressing EphB1/
Marcus, R.C., and Mason, C.A. (1995). J. Neurosci. 15, 6389–6402.
B2/B3). This explanation is supported by the culture
McLaughlin, T., Hindges, R., and O’Leary, D.D. (2003). Curr. Opin.
experiments of Williams et al., which show that VN axons Neurobiol. 13, 57–69.
do respond to ephrin-B2, though they are less sensitive
Nagai, T., Aruga, J., Minowa, O., Sugimoto, T., Ohno, Y., Noda, T.,
than VT axons. It also fits with the fact that EphB1 hetero- and Mikoshiba, K. (2000). Proc. Natl. Acad. Sci. USA 97, 1618–1623.
zygotes show reduced ipsilateral projections. An inter- Nakagawa, S., Brennan, C., Johnson, K.G., Shewan, D., Harris, W.A.,
esting test would be to look at the chiasm in ephrin-B2 and Holt, C.E. (2000). Neuron 25, 599–610.
heterozygotes, to see if reducing the dose of ligand Niclou, S.P., Jia, L., and Raper, J.A. (2000). J. Neurosci. 20, 4962–
would also reduce ipsilateral projections. Another possi- 4974.
ble explanation, proposed by Williams et al., is that EphB Plump, A.S., Erskine, L., Sabatier, C., Brose, K., Epstein, C.J., Good-
man, C.S., Mason, C.A., and Tessier-Lavigne, M. (2002). Neuron 33,function is regulated over time, perhaps by being si-
219–232.lenced at particular points in the pathway or by regula-
Ringstedt, T., Braisted, J.E., Brose, K., Kidd, T., Goodman, C., Tes-tion of protein synthesis in the growth cone.
sier-Lavigne, M., and O’Leary, D.D. (2000). J. Neurosci. 20, 4983–The work of Herrera et al. (2003) is particularly exciting
4991.because they have identified the first transcription factor
Wang, L.C., Dani, J., Godement, P., Marcus, R.C., and Mason, C.A.involved in controlling crossing at the chiasm. What is
(1995). Neuron 15, 1349–1364.
the connection between Zic2 and EphB1? Zic2 presum-
Williams, S.E., Mann, F., Erskine, L., Sakurai, T., Wei, S., Rossi, D.J.,ably upregulates transcription of EphB1, either directly
Gale, N.W., Holt, C.E., Mason, C.A., and Henkemeyer, M. (2003).
or indirectly, but this has yet to be tested. By looking Neuron 39, this issue, 919–935.
upstream and downstream of Zic2, it should be possible Yokoyama, N., Romero, M.I., Cowan, C.A., Galvan, P., Helmbacher,
to elucidate the transcriptional network that controls F., Charnay, P., Parada, L.F., and Henkemeyer, M. (2001). Neuron
regional expression of EphB1. It is intriguing that the 29, 85–97.
Zic2/EphB/ephrinB mechanism is conserved between
frogs and mammals but apparently not in birds. Perhaps
birds have lost an uncrossed projection present in a
common tetrapod ancestor.
There is clearly more to forming the chiasm than
EphB1/ephrin-B2 and Slit/Robo. In EphB1/B2/B3 triple
mutants, some axons still turn ipsilaterally. This could
be due to fasciculation with axons from the other eye
or to non-ephrin-B signals. In astray null zebrafish, which
should lack all Slit/Robo signaling, many axons still navi-
gate normally across the chiasm, so they must have
other guidance signals to follow. Several good candi-
dates are known to be expressed in the neighborhood,
including semaphorins and ephrin-As. More generally,
one would expect that, in addition to the known repellent
signals, retinal axons must use some attractive signals
as well. Generating the visual pathway is likely to take
some pull as well as push.
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